Objectives: Small-diameter synthetic vascular graft performance is inferior to autologous vein grafts. This study tested the hypotheses that local in vivo administration of plasmids encoding for human vascular endothelial growth factor (VEGF), or co-administration of plasmids encoding for human vascular endothelial growth factor/plasmids encoding for fibroblast growth factor-2 in the tissues surrounding a porous synthetic vascular graft would enhance graft endothelialisation and, consecutively, graft patency. Methods: First, optimal gene for small-diameter synthetic graft endothelialisation was studied in rat abdominal aorta model (n = 132): plasmids encoding for human vascular endothelial growth factor; co-administration of plasmids encoding for human vascular endothelial growth factor/plasmids encoding for fibroblast growth factor-2; or control plasmids were injected around 60 mm ePTFE graft. Second, optimal small-diameter synthetic graft design for endothelialisation was explored in rabbit abdominal aorta model (n = 90). Various ePTFE grafts or pre-clotted polyester grafts were used with/without plasmids encoding for human vascular endothelial growth factor. Third, clinically used medium-size synthetic grafts were investigated with/without plasmids encoding for human vascular endothelial growth factor in dog carotid (n = 20) and femoral arteries (n = 15). Endothelialisation was assessed in midgraft area with scanning electron microscopy. Results: In rats, plasmids encoding for human vascular endothelial growth factor enhanced endothelialisation; whereas co-administration of plasmids encoding for human vascular endothelial growth factor/plasmids encoding for fibroblast growth factor-2 had worst outcome at 1 week (NS), 2 weeks (P = 0.01) and 4 weeks (P = 0.02). In rabbits, pre-clotted polyester grafts had a trend for faster endothelialisation than ePTFE grafts (P = 0.08); whereas plasmids encoding for human vascular endothelial growth factor enhanced endothelialisation compared to controls at 2 weeks (P = 0.06), however, the effect reversed at 4 weeks (P = 0.03). In dogs, synthetic graft patency was improved by plasmids encoding for human vascular endothelial growth factor in femoral position (P = 0.103); whereas all carotid grafts were patent at 6 weeks. Conclusions: Thus, these data suggested that endothelialisation was fastest in pre-clotted polyester grafts; and that local application of plasmids encoding for human vascular endothelial growth factor had a potential to improve early endothelialisation and patency in synthetic vascular grafts. #
Introduction
Although the first synthetic vascular grafts made of polyester were used in humans some 50 years ago, their performance is inferior to autologous human vein grafts as small-diameter blood conduits (<6 mm) [1] . With biocompatible synthetic vascular grafts capable of replacing use of autologous vein grafts, wound complications associated with leg incisions could be avoided and operation time shortened. However, lack of endothelialisation of foreign surfaces limits synthetic vascular graft biocompatibility. In humans, the synthetic vascular graft endothelialisation is limited to anastomoses, the remaining part being covered by pseudointima; whereas the synthetic surface becomes completely endothelialised in animals.
Synthetic graft endothelialisation could theoretically be accomplished in humans by enhancing longitudinal growth from the anastomotic area (transanastomotic growth); enhancing ingrowth of capillary endothelial cells through the interstices in the synthetic graft wall (transgraft growth); providing endothelialised surface ex vivo by seeding of mature endothelial cells or their precursors; or enhancing in vivo seeding of circulating endothelial precursor cells [2] . Subsequently, to improve transgraft growth in vivo, synthetic graft porosity has been manipulated [3, 4] and angiogenic proteins have been administered [5, 6] ; to cover foreign synthetic surfaces with cellular surface prior to implantation, endothelial cells [1, 7] , bone marrow [8] , adipose tissue [8] , or gene-transfected endothelial cells [9, 10] and adipose tissue [11] have been seeded and sodded on the foreign surface; and to build complete blood vessels ex vivo consisting of all three cellular layers, tissue engineering has been used [8] .
Angiogenic genes and proteins are used experimentally to treat cardiovascular diseases. In humans, genes encoding for vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) are administered for peripheral and coronary artery disease [12] . In animal models, naked plasmid DNA encoding for human VEGF (h-VEGF) improves angiogenesis in hind limb, inhibits stent restenosis [13] , and seeding of ex vivo VEGF-transfected adipose tissue enhances synthetic graft endothelialisation [11] . The angiogenesis is active in and around synthetic vascular grafts with associated capillary infiltration through synthetic graft interstices to luminal surface not only in animals [14] , but also in cyanotic infants [15] ; whereas in human adults, the inadequacy of angiogenic capacity is indicated by the unhealed synthetic flow surface.
This study assessed the hypotheses that local in vivo administration of plasmid encoding for h-VEGF 165 (pNGVL3-VEGF 165 ), or co-administration of plasmids encoding for h-VEGF 165 /FGF-2 (pNGVL3-VEGF 165 /pNGVL7-FGF-2) in the tissues surrounding the porous synthetic graft would enhance graft endothelialisation and, consecutively, graft patency. A series of experiments were performed; first, optimal gene for small-diameter synthetic graft endothelialisation, pNGVL3-VEGF 165 or combination of pNGVL3-VEGF 165 /pNGVL7-FGF-2, was determined in rats; second, optimal small-diameter synthetic graft design to be used in combination with pNGVL3-VEGF 165 transfection, pre-clotted polyester or various porous ePTFE grafts, was investigated in rabbits; third, clinically used medium-size grafts were investigated in combination with pNGVL3-VEGF 165 in dogs.
Materials and methods
2.1. Manufacture of expression plasmids 2.1.1. pNGVL3-VEGF 165 expression plasmid
As human VEGF 165 contains signal sequences for secretion, the coding sequence was directly cloned into pNGVL3 (National Gene Vector Laboratories, The University of Michigan Medical Center, Ann Arbour, MI). h-VEGF 165 cDNA (Medline accession # M32977) was amplified by PCR. Template cDNA was prepared from total RNA isolated from HEK293 cells. cDNA was synthesized by reverse transcription (RT) and PCR amplified with the sense primer GATC-GAATTCGTTAACCA-TGAACTTTCTGCTGTCTTGG containing an EcoRI site and the antisense primer GATCGGATCCGT-TAACTCACCGCCTCGGCTTGTCACATC with an engineered BamH1 site. The purified cDNA and pNGVL3 were digested with a combination of EcoRI and BamHI. cDNA was directionally ligated into pNGVL3 (Ligation Express TM Kit, Clontech, Palo Alto, CA). Chemically competent DH5a E. coli were used for plasmid propagation. Plasmids were purified with QIAprep spin miniprep kit (Qiagen GmbH, Hilden, Germany). The correctness of pNGVL3-VEGF 165 was verified with ABI automated DNA sequencer. h-VEGF 165 expression was detected in transfected cells with Western blotting, and chorioallantoic chick membrane assay verified biologic activity (Data not shown).
pNGVL7-FGF-2 expression plasmid
As FGF-2 lacks secretion signal sequence, it was cloned into pNGVL7 (National Gene Vector Laboratories) in frame with the secretion signal sequence for tissue plasminogen activator (tPA). Human FGF-2 cDNA (Genbank accession # NJ04513) was PCR amplified as above. Sense primer ATACTCTAGAATGGCAGCCGGGAGCATCACCACGCTG, containing an XbaI restriction site, was used in combination with the antisense primer GATCAGATCTTCAGCTCTTAGCAGACATTG-GAAGAAA containing a BglII restriction site. The product was digested with XbaI and BglII and directionally ligated into the expression vector pNGVL7 (digested with XbaI and BamHI). Correctness of pNGVL7-FGF-2 and h-FGF-2 expression in transfected cells were verified as above (Data not shown).
pNGVL3-EGFPLuc expression plasmid
The EGFPLuc gene from pEGFPLuc (BD, Palo Alto, CA) was inserted into pNGVL3. Plasmid pNGVL3 was linearized by digestion with XbaI and dephosphorylated. pEGFPLuc was propagated in a dam(À)-strain (E. coli S1179) and digested with NheI and XbaI. The linearized vector and the fragment containing the EGFPLuc fragment were purified by gel electrophoresis and eluted with QIAquick spin columns (Qiagen). The purified fragments were ligated and DH5a cells were transformed with the ligation-mixture. Restriction enzyme digestion, together with cell expression studies with fluorescent microscopy (Zeiss Axiovert 200M, Oberkochen, Germany) and luciferase assay (Promega Corp., Madison, WI) verified the correctness of pNGVL3-EGFPLuc (Data not shown).
pNGVL1-nt-b-gal expression plasmid
The pNGVL1-nt-b-gal expression plasmid encodes nuclear targeted b-galactosidase (Data not shown). ePTFE graft piece (2 cm long; 1/4 of the 2 mm graft radius) was inoperated to the periaortic retroperitoneal fat tissue in rat. pNGVL3-EGFPLuc (400 mg) was administered around the graft piece with a syringe (n = 15); controls (n = 11) received either nothing or pNGVL1-nt-b-gal. Luciferase activity was measured according to previously described methods at 1, 3, 7 and 14 days [16] . The results were expressed as picogram luciferase per milligram protein (pg/mg protein) in the tissue surrounding the graft piece.
Verification of plasmid persistence in the tissue surrounding the foreign material
PCR detection of the pNGVL3-VEGF 165 and pNGVL7-FGF-2 were performed using above-mentioned periaortic fat tissue model. Samples were explanted at 1, 3, 7, 14 and 28 days.
2.3.
In vivo endothelialisation and patency studies 2.3.1. Rat study: effects of pNGVL3-VEGF 165 and coadministration of pNGVL3-VEGF 165 /pNGVL7-FGF-2 on 60 mm ePTFE graft endothelialisation 2.3.1.1. Groups. Sixty-micrometer internodal distance ePTFE grafts (Impra, Tucson, AZ), previously demonstrated to be optimal for transgraft growth in animals [3, 4] , were used to select optimal gene for synthetic graft endothelialisation. Male Sprague-Dawley rats (n = 132) were divided in three groups: controls (n = 51); pNGVL3-VEGF 165 (100-800 mg; n = 66); co-administration of pNGVL3-VEGF 165 / pNGVL7-FGF-2 (400 mg; n = 15). Endothelialisation was analysed with scanning electron microscopy (SEM) at 1 week (6-8 days; n = 30), 2 weeks (13-15 days; n = 47), 4 weeks (28-31 days; n = 41) and 1.5 years (n = 10) ( Table 1 ).
Surgical arterial graft reconstruction and gene transfer
Dihydrostreptomycin/bensylpenicillinprokain were given i.m. Infrarenal aorta was replaced end-to-end with 9-0 sutures. Plasmids were administered with a pipette on and around the ePTFE graft (2 cm Â 2 mm), and in the periaortic adipose tissue.
Sacrifice and graft explantation
After anaesthesia as above, 500 units of heparin (Lövens, Ballerup, Denmark) were administered i.v. PBS was perfused to the left ventricle while synchronously exsanguinating the rat through right atrium. Then, the rat was perfusion-fixed with 2% paraformaldehyde and 0.2% glutaraldehyde in PBS. The graft was explanted and divided either in five equal parts and mid-part preserved, or, divided in to two halves, and the proximal half preserved for SEM analysis in 2% paraformaldehyde/2% glutaraldehyde in PBS.
2.4. Rabbit study: pNGVL3-VEGF 165 effects on endothelialisation in various small-diameter grafts 2.4.1. Groups pNGVL3-VEGF 165 effects on additional three commercially available small-diameter synthetic graft materials (2 cm Â 3 mm) were assessed in rabbits, because these grafts were not available with internal diameter suitable for rat aorta (2 mm). Male New Zealand rabbits (2.5-4 kg) (n = 90) received either knitted polyester (Sulzer Vaskutec, Winterthur, Switzerland) (n = 25), 60 mm ePTFE (Impra) (n = 23), Hybrid ePTFE (Atrium Medical Corporation, Hudson, NH) (n = 33) or 30 mm ePTFE (Impra) (n = 9). Rabbits were divided to controls (n = 44) and pNGVL3-VEGF 165 (400-600 mg, n = 46). SEM was performed at 2 weeks (n = 32), 4 weeks (n = 24), 12 weeks (n = 18) and 43 weeks (n = 16) ( Table 1) .
Surgical arterial reconstruction and gene transfer
ASA in drinking water gave an estimated daily dose 10 mg. Anaesthesia was with fentanyl/fluanosine mixture s.c. and midazolam i.m. Antibiotics were as above. The polyester grafts (3 cm Â 3 mm), but none of the ePTFE grafts, were preclotted during 30 min in unheparinised venous blood and cut to the length of 2 cm. After 500 U of heparin i.v., 20 mL dextran (Mw 70 000; 60 g/L; Pharmacia, Uppsala, Sweden) was infused i.v. over 15 min. Infrarenal aorta was replaced end-to-end with 7-0 sutures. Plasmid administration was as above.
Sacrifice and graft explantation
Anaesthesia was as above. 1000 U heparin were given i.v. Rabbit sacrifice and graft explantation were as above.
2.5. Dog study: pNGVL3-VEGF 165 effects on clinically used medium-size synthetic grafts 2.5.1. Groups
In contrast to experimental microsurgical grafts in rats and rabbits, clinically used medium-size synthetic grafts were investigated in dogs. Ten beagles (9-13 kg) received two grafts in carotid position (Knitted bovine-collagencoated polyester (7 cm Â 5 mm; n = 10; Intervascular, Cedex, France) or 60 mm ePTFE (7 cm Â 4 mm; n = 10; Impra)) and two grafts in femoral position (Hybrid ePTFE (7 cm Â 5 mm; n = 15; Atrium)) ( Table 1 ). All grafts in each dog were separately treated with either pNGVL3-VEGF 165 (2000 mg) or pNGVL3-EGFPLuc (2000 mg). Dogs were sacrificed at 6 weeks (42-52 days).
Surgical arterial reconstruction and gene transfer
Dogs received ASA 325 mg/day from day À4 and onward and dipyridamole 75 mg/day from day À1 and onward. Acepromazin, metadon and atropin were given as sedatives. Anaesthesia was induced with propofol and maintained with isoflurane, N 2 O, O 2 and 60% air. 100 U/kg heparin were given i.v. prior to first anastomoses and then 40 U after one hour. Cloxacillin was given i.v. First, bilateral end-to-side anastomoses were created to common carotids with polyester or 60 mm ePTFE grafts using continuous 6-0 sutures. Then, bilateral femoral anastomoses were performed with Hybrid ePTFE grafts. The arterial segment between the anastomoses was ligated and divided in carotids, and ligated but not divided in femorals. The plasmid solution was injected around the graft using a syringe and needle before wound closure in carotids, but after wound closure in femorals. Metadon and carprofen were used as analgesics during 4 days.
Sacrifice and graft explantation
After anaesthesia as above, 3000 U heparin were given i.v. Sternotomy and perfusion fixation were as above. After explantation, the graft was divided in four pieces (part A, B, C and D) and examined for thrombosis. Part A and part C were preserved for SEM analysis.
Graft preparation to SEM and SEM analysis
The fixed grafts were prepared for SEM by washing in PBS, post-fixating in 1% OsO 4 , washing in PBS, dehydrating in ethanol, critical point drying in CO 2 , mounting on stubs with carbon conducting cement, and finally sputter coating with gold at 22 nm thickness. Images were taken at 25Â, 100Â, 800Â, 1600Â and 3200Â magnification (Philips XL30 SEM at 10 kV) (FEI Electron Optics, Eindhoven, Netherlands).
The midgraft endothelialisation was graded: unendothelialised (0); partly endothelialised (1); completely endothelialised (2) (Fig. 1) . The results were expressed as percentage (%) of grafts that were rated as '2' for rats and rabbits, and '1' for dogs. Assessing overall percentage of total surface area covered with cells with SEM at low magnification has an inherent risk of misinterpreting luminal areas covered by inflammatory cells or pseudointima as endothelialised surfaces, or, reporting predominantly transanastomotic growth instead of transgraft growth. Therefore, successful complete midgraft endothelialisation was used as the endpoint.
Statistics
Simple chi-squared tests determined the significance of associations between factors pairwise at each time point separately. Fisher's exact test was used if the data were too sparse to rely on Pearson's chi-squared statistics. The differences in proportions were considered significant if P-value was <0.05, whereas 0.05 < P < 0.1 was referred to as a trend.
Results

In vivo expression and persistence studies
In native rat aorta, a fragment with the expected size of 666 bp was amplified after pNGVL3-VEGF 165 administration; whereas neither negative controls nor pNGVL-b-gal plasmid gave any PCR product, and amplification with GAPDH primers resulted in a product of the expected size.
In the fat pad model, PCR detection revealed that pNGVL3-VEGF 165 and pNGVL7-FGF-2 remained in two of four samples at day 28 (data not shown).
In the fat pad model, luciferase remained close to zero at all time points in controls; whereas luciferase values were higher at all times with pNGVL3-EGFPLuc: 70-fold at day 1 (0.14 AE 0.22 vs 0.002 AE 0.002 pg/mg protein); 20-fold at 3 days (0.02 AE 0.02 vs 0.001 AE 0 pg/mg protein); 2-fold at 7 days (0.002 AE 0.0008 vs 0.001 AE 0 pg/mg protein); and 2900-fold at 14 days (5.84 AE 11.7 vs 0.002 AE 0.002 pg/mg protein).
3.2.
In vivo endothelialisation and patency studies 3.2.1. Rat study: effects of pNGVL3-VEGF 165 and coadministration of pNGVL3-VEGF 165 /pNGVL7-FGF-2 on 60 mm ePTFE graft endothelialisation pNGVL3-VEGF 165 improved midgraft endothelialisation in rats compared to controls and combination of pNGVL3-VEGF 165 /pNGVL7-FGF-2 (Fig. 2) .
Rabbit study: pNGVL3-VEGF 165 effects on endothelialisation in various small-diameter grafts
In contrast to rats, pNGVL3-VEGF 165 had contradictory effect on endothelialisation when pooling the grafts in all graft subgroups (Fig. 3) . Furthermore, there was no difference between the pNGVL3-VEGF 165 and controls in any graft subgroup (P = NS; Table 2 ). Although there was a trend for faster endothelialisation in preclotted polyester grafts (P 4w = 0.08; Fig. 4) , there was no strong association between graft type and endothelialisation at any time point. One of the control grafts (60 microns ePTFE) was occluded at 12 weeks. 165 effects on clinically used medium-size synthetic grafts 3.2.3.1. Carotid position. All grafts were patent (Fig. 5) . All evaluable collagen-coated polyester grafts treated with pNGVL3-VEGF 165 (n = 4), but none of the controls (n = 4), had at least Grade 1 endothelialisation (P = NS). Three of four 60 microns ePTFE grafts treated with pNGVL3-VEGF 165 and four of six controls had at least Grade 1 endothelialisation (P = NS).
Dog study: pNGVL3-VEGF
Femoral position
Patency rate was improved with pNGVL3-VEGF 165 compared to controls (100% vs 56%; P = 0.103; Fig. 5 ). Four of five technically successful (SEM) pNGVL3-VEGF 165 grafts were at least partially endothelialised, whereas four of six controls revealed at least partial endothelialisation (one of the occluded grafts had distal occlusion) (NS).
Discussion
In the present animal experiments the effects of genes encoding for angiogenic growth factors were evaluated in rat, rabbit and dog models by determining patency and Fig. 2 . Effects of pNGVL3-VEGF 165 and pNGVL3-VEGF 165 /pNGVL7-FGF-2 transfection on ePTFE graft endothelialisation in rat aortic grafts. Endothelialisation was enhanced by pNGVL3-VEGF 165 transfection compared to controls and co-administration of pNGVL3-VEGF 165 /pNGVL7-FGF-2: (25% vs 14% vs 0%; P = NS; n = 30) 1w ; (35% vs 0% vs 0%; P = 0.01; n = 47) 2w ; and (61% vs 41% vs 0%; P = 0.024; n = 41) 4w . At 18 months all pNGVL3-VEGF 165 grafts (n = 10) and 75% of controls (n = 4) were endothelialised (P = 0.29). Data shown as % completely endothelialised midgraft area. Fig. 3 . Effects of pNGVL3-VEGF 165 transfection on endothelialisation in rabbit aortic grafts. pNGVL3-VEGF 165 transfection enhanced endothelialisation at 2 weeks compared to controls (53% vs 19%; P = 0.062; n = 32); whereas the relationship reversed at 4 weeks (42% vs 92%; P = 0.03; n = 24). At later time points, there was no difference between the groups ((80% vs 75%; P = NS; n = 18) 12w ; (75% vs 100%; P = NS; n = 16) 43w ). Data shown as % completely endothelialised midgraft area. Table 2 Subgroup analysis: plasmid encoding for vascular endothelial growth factor (pNGVL3-VEGF 165 ) effects on foreign surface endothelialisation in various graft types in rabbits There were no significant differences between pNGVL3-VEGF 165 and controls (P = NS). Data shown as % completely endothelialised midgraft area.
endothelialisation of various synthetic vascular graft surfaces with SEM. In contrast to humans, animals have angiogenetic capacity to endothelialise porous synthetic vascular graft spontaneously via transgraft growth mechanism [2] . During an observation period of 1 to 77 weeks, synthetic graft surfaces became completely endothelialised in rats and local treatment with pNGVL3-VEGF 165 resulted in highest endothelialisation rate at every observed time point compared to control and pNGVL3-VEGF 165 /pNGVL7-FGF-2 plasmids. During an observation period of 2-43 weeks, rabbits completely endothelialised graft surfaces and local treatment with pNGVL3-VEGF 165 resulted in higher probability of endothelialisation at 2 weeks, whereas the relationship reversed at 4 weeks. There was a trend for improved graft endothelialisation at earlier time points in more porous polyester grafts. During an observation period of 6 weeks in dogs, local treatment of grafts in femoral position with pNGVL3-VEGF 165 resulted in trend for improved graft patency. Results from the present study reveal a novel concept for enhancement of synthetic vascular graft endothelialisation and patency. Improvement of synthetic graft patency in coronary [1] and peripheral position [7] with cell seeding underlines the importance of endothelialised surface for synthetic vascular graft biocompatibility; whereas the complete in vivo healing of the synthetic graft surface with endothelium does not occur in adult humans due to incapacity to extend pannus growth more than 6-10 mm from the anastomosis and capillary incapacity for transinterstitial growth. The reason for difference in the synthetic vascular graft healing ability between animals and humans is unknown.
In the present study, both transanastomotic and transgraft growth were observed with SEM in all three animal species. The observed hierarchy of endothelialisation between species concurred with previous reports [17, 18] . Unexpectedly, there was spontaneous endothelialisation in some untreated grafts in rats at 1 week; whereas no complete endothelialisation was observed in controls at 2 weeks. We have no valid explanation for this phenomenon.
Polyester and ePTFE are the most often used synthetic vascular graft materials today with equal clinical performance in comparative studies [19] . Prior studies suggest that 60 mm internodal distance is optimal for ePTFE graft endothelialisation [3, 4] . In the present study, as expected, most porous pre-clotted polyester grafts had highest rate of completely endothelialised grafts in rabbits at the earlier time points, whereas, unexpectedly, at the latest time point less porous Hybrid ePTFE was highest. The greater porosity in knitted polyester grafts compared to ePTFE grafts could cause decreased endothelial stability at later time points in the present study, similar to decreased endothelial stability with increased internodal distance from 60 to 90 mm in ePTFE grafts in a previous study [4] . In dog carotids greater proportion of 60 mm ePTFE grafts than collagen-coated polyester grafts had at least partial endothelialisation, indicating indirectly, and confirming the prior observation [20] , that pre-clotted polyester grafts have better endothelialisation properties than collagen-coated polyester grafts.
In the previous studies, there is both indirect and direct evidence for the role of angiogenic growth factors in synthetic graft endothelialisation and blood vessel healing: VEGF expression is elevated in anastomosis area [21] and in transposition tissue around the synthetic graft [14] ; VEGF protein application enhances anastomosis healing [22] ; VEGF [5, 23] and FGF proteins, and their combinations [6] , stimulate endothelial cell growth on synthetic grafts; seeding of ex vivo VEGF-transfected adipose tissue improves synthetic graft endothelialisation [11] . However, VEGF affects also smooth muscle cell (SMC) behaviour: majority of studies suggest that VEGF predominantly inhibits SMC growth; whereas one study reports that the 30 mm ePTFE graft impregnated with combination VEGF-extracellular matrix enhances SMC proliferation [23] . However, there is to our knowledge no data indicating that administration of VEGF protein/gene would increase neointimal thickness in association to implantation of vascular implants.
The local in vivo gene delivery in a solution in the present study, instead of using extracellular matrix/other matrixes [23] as a carrier for the genes on the graft surface, provided the endothelial cells with uncomplicated access to the pores Fig. 4 . Association between graft type and endothelialisation in rabbit aortic grafts. Midgraft endothelialisation occurred in all graft types: preclotted polyester grafts at 2 weeks (56%), 4 weeks (100%) and 43 weeks (78%); 60 (m ePTFE grafts at 2 weeks (38%) and 3 months (70%); Hybrid ePTFE grafts at 2 weeks (10%), 4 weeks (50%), 3 months (88%) and at 43 weeks (100%); and 30 (m ePTFE grafts at 4 weeks (56%). Pre-clotted polyester grafts had a trend for faster endothelialisation at the early time points (P 2w = 0.11; n = 32, P 4w = 0.08; n = 24); whereas at the later time points there was no significant difference between the groups (P 12w = NS; n = 18, P 43w = NS; n = 16). Data shown as % completely endothelialised midgraft area. Fig. 5 . Effects of pNGVL3-VEGF 165 transfection on graft patency in dog. Hybrid ePTFE graft patency was enhanced with pNGVL3-VEGF 165 transfection at 6 weeks in femoral position (P = 0.103; n = 15), whereas in carotid position all collagen-coated polyester grafts (n = 10) and 60 mm ePTFE grafts (n = 10) were patent. Data shown as % patent grafts.
in the graft and, thus, avoided the theoretical problem of obstructing the pores with excessive foreign material. Alternatively, similar to proteins [24] , plasmids could have been bound directly on the graft surface for local release.
In the present study, the favourable effects of in vivo administration of pNGVL3-VEGF 165 in combination with 60 mm ePTFE grafts were consistent in both rats and rabbits at all time points. The inferior results with pNGVL3-VEGF 165 transfection at 4 weeks in rabbits, after pooling the graft subgroups, derived from 30 mm ePTFE and Hybrid ePTFE subgroups. Subsequently, the graft material-and architecture-specific properties could affect endothelial stability, or susceptibility for h-VEGF 165 -induced transgraft or transanastomotic growth.
In the present study, VEGF 165 /FGF-2 co-transfection resulted in worst outcome at every observed time point; whereas h-VEGF 121 /FGF-2 co-transfection of tumour tissue before implantation in nude mice enhances angiogenesis in previous reports [25] . Subsequently, the excessive VEGF 165 and FGF-2 co-stimulation of healthy tissues may activate an inhibitory feedback loop, whereas tumour tissue could have lost the sensitivity for inhibition.
The improved patency in clinical size vascular grafts in femoral position in dogs with pNGVL3-VEGF 165 was an important finding. The high patency rate in control grafts in carotid position in the present study was concordant with a previous study in dogs [26] ; whereas the lower patency rate in femoral arteries compared to carotid arteries could be explained by differences in blood flow and surgical graft positioning (loop vs straight). The small sample sizes and high rate of occlusions in control grafts prevented comparisons between the groups regarding graft endothelialisation. However, the improved graft patency could be mediated not only by pNGVL3-VEGF 165 -enhanced endothelialisation, but also by induction of NO production [27] .
In the present study, it was recognized that many of the contingency tables upon which the chi-squared tests are based were quite sparse. Therefore, where appropriate, the Fisher Exact Test was used to determine statistical significance. In a post-hoc power analysis it was found that the highest powers for the observed effect sizes were approximately 70% for dogs, 60% for rabbits, and 45% for rats. In many of the tables, however, the power was well under 50%. Given the generally low statistical power in the present studies, the reported statistically significant results can be regarded as being based on real treatment effects.
Although the overall results were promising, some caution needs to be used when transferring the results to clinical coronary artery surgery. First, due to the diastolic perfusion pattern in myocardium, the blood flow pattern is substantially different in coronary artery bypass grafts compared to the both interposition and bypass grafts in systemic arteries. Therefore, the present experimental results need to be confirmed in coronary position; and the design of synthetic coronary artery grafts may need to be modified compared to peripheral artery grafts. The same applies for synthetic grafts positioned in venous system due to lower pressure in venous system. Second, the gene transfer with VEGF primarily affects the endothelialisation of the foreign surface and, thus, theoretically decreases stimuli for neointima formation [13] . However, the present methods were not designed to affect two other important stimuli for neointima formation: compliance mismatches between the synthetic graft and the native vessel; and shear stress and flow disturbances due to the angle in the end-to-side anastomoses. Third, the end-to-end interposition grafts were 2 cm long in rat aorta, whereas the end-to-side clinical coronary artery bypass graft length is 5-20 cm; and the observation time of 6 weeks with clinical size peripheral arterial synthetic grafts in dogs was primarily designed to detect differences in short term patency. Therefore, to demonstrate the applicability to clinical coronary artery surgery, a longer observation time with small-diameter synthetic coronary grafts of 5-20 cm length will be required in a large animal model.
In summary, pNGVL3-VEGF 165 resulted in improved endothelialisation of synthetic vascular grafts in rat aorta, contradictory results in rabbit aorta, and trend towards improved synthetic graft patency in dog femorals; whereas combination of pNGVL3-VEGF 165 and pNGVL7-FGF-2 had unfavourable outcome in rat aorta. There was a trend for faster endothelialisation for pre-clotted polyester grafts in rabbits at earlier time points. Subsequently, the angiogenic protein production with expression plasmids may be sufficient for healing of porous synthetic vascular grafts and a higher transfection efficacy and longer expression achieved with viral vectors may not be needed. Further studies are required; to increase our understanding concerning VEGF-transfection effect on histology and restenosis in synthetic vascular grafts; to investigate if this novel concept is advantageous in combination with synthetic grafts in humans.
